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Streptococcus thermophilus lytic bacteriophage DT1, isolated from a mozzarella whey, was characterized at the microbi-
ological and molecular levels. Phage DT1 had an isometric head of 60 nm and a noncontractile tail of 260 3 8 nm, two major
structural proteins of 26 and 32 kDa, and a linear double-stranded DNA genome with cohesive ends at its extremities. The
host range of phage DT1 was limited to 5 of the 21 S. thermophilus strains tested. Using S. thermophilus SMQ-301 as a host,
phage DT1 had a burst size of 276 6 36 and a latent period of 25 min. The genome of phage DT1 contained 34,820 bp with
a GC content of 39.1%. Forty-six open reading frames (ORFs) of more than 40 codons were found and putative functions were
assigned to 20 ORFs, mostly in the late region of phage DT1. Comparative genomic analysis of DT1 with the completely
sequenced S. thermophilus temperate phage O1205 revealed two large homologous regions interspersed by two heterolo-
gous segments. The homologous regions consisted of the early replication genes, the late morphogenesis genes, and the
lysis cassette. The divergent segments contained the DNA packaging machinery, the major structural proteins, and remnants
of a lysogeny module. © 1999 Academic Press
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Streptococcus thermophilus is a Gram-positive lactic
cid bacterium added to milk for the manufacture of
ogurt and several cheeses. The production of these
airy goods has increased sharply over the past years. It
s well-documented that expanded productivity within
xisting facilities will lead to fermentation failures due to
ytic phages commonly present in milk (Bruttin et al.,
997a; Moineau et al., 1996). S. thermophilus strains are
onstantly used in rotation to avoid the buildup of a
pecific phage population and to reduce the phage-
ssociated losses. The diversity of S. thermophilus
hages has prevented the perpetual use of these se-
ected strains.
Several studies have described the general character-
stics of S. thermophilus phages. The criteria examined
ncluded phage morphology (electron microscopy), ge-
ome homology (DNA–DNA hybridization), structural
roteins (SDS–PAGE), restriction patterns (endonucle-
ses), and host range (plaque assays). To date, investi-
ated S. thermophilus phages have an isometric head
42 to 63 nm in diameter) and a long (210 to 275 nm in
ength) noncontractile tail (Accolas and Spillman, 1979;
enbadis et al., 1990; Bru¨ssow et al., 1994a; Fayard et al.,
993; Krusch et al., 1987; Larbi et al., 1990; Neve et al.,
989; Prevots et al., 1989). They belong to the Siphoviri-
ae family of the Caudovirales order and are morpholog-
1 To whom correspondence and reprint requests should be ad-
nressed. Fax: (418) 656-2861. E-mail: Sylvain.Moineau@bcm.ulaval.ca.
63cally related to the well-known coliphage l and Bacillus
ubtilis phage SPP1. S. thermophilus phages have a
inear double-stranded DNA genome ranging in size
rom 30 to 45 kb (Bru¨ssow et al., 1998). DNA–DNA hy-
ridization studies showed homology between all S.
hermophilus phages, including virulent and temperate
hages. This single DNA homology group led Mercenier
t al. (1994) to propose that each S. thermophilus phage
as derived from a common ancestor. Recently, Le Mar-
ec et al. (1997) proposed a classification of S. thermophi-
us phages into two groups based on the number of
ajor structural proteins (MSP) and the mode of DNA
ackaging. The first group comprises phages with two
SP and cohesive genome extremities (cos-type). The
econd cluster includes phages with three MSP and a
NA packaging scheme that proceeds via a headful
echanism (pac-type).
DNA sequence data are rapidly accumulating for S.
hermophilus phages (Bru¨ssow et al., 1998). However,
he genomes sequenced so far were from phages iso-
ated in two countries (France and Germany) and in the
ame ecological niche (yogurt). As stated by Bru¨ssow et
l. (1998), a greater coverage of phages from other areas
s needed because evolution and population studies
ould be influenced by a strong geographical and eco-
ogical bias. A complete genome sequence is available
or only one S. thermophilus phage, namely phage
1205. This temperate phage of the 3MSP/pac group
as isolated from the lysogenic strain CNRZ1205 used to
anufacture yogurt in France. Phage O1205 has a ge-ome size of 43,075 bp with 57 open reading frames
0042-6822/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
(
l
h
l
t
1
w
O
p
u
w
t
o
n
S
B
O
o
p
t
g
t
e
b
s
i
t
w
a
p
m
o
P
o
S
p
a
p
s
H
7
l
b
r
g
c
p
s
l
i
4
m
G
S
L
64 TREMBLAY AND MOINEAUORFs) (Stanley et al., 1997). The structural genes and the
ysis module of another phage of the 3MSP/pac group
ave also been determined (Lucchini et al., 1998). The
ytic phage Sfi11, also from France, differed from the
emperate phage O1205 at the nucleotide level by about
0% (Lucchini et al., 1998). The majority of the changes
ere point mutations, mainly at the third base position.
nly a single gene differed substantially in the two
hages. Neve et al. (1998) identified the lysogenic mod-
le of the temperate phage TP-J34 (3MSP/pac), which
as isolated from the S. thermophilus strain J34 used for
he production of yogurt in Germany.
Nucleic acid sequences are also accessible for two
ther French yogurt isolates but of the 2MSP/cos group,
amely the temperate phage Sfi21 and the lytic phage
fi19 (Bru¨ssow et al., 1994b; Bruttin and Bru¨ssow, 1996;
ruttin et al., 1997b, 1997c; Desie`re et al., 1997, 1998).
nly 10% of the sequences differed in the two phages
ver a 17-kb region, and these differences were due to
unctual mutations as well as short deletions and inser-
ions (Desie`re et al., 1998). The availability of complete
enomes of S. thermophilus phages should give addi-
ional information about their genetic diversity (Bru¨ssow
t al., 1998; Desie`re et al., 1998) and allow comparison
etween the two main phage groups. These studies
hould also be of great value in the development of
nnovative anti-phage strategies.
This study was undertaken to further our knowledge of
he genetics of S. thermophilus bacteriophages. Here,
e report the first complete genomic characterization ofdFIG. 1. Electron micrograph of phage DT1. Bar, 50 nm.n S. thermophilus lytic phage isolated from a cheese
lant and also from North America. Phage DT1 is a
ember of the two MSP/cos group and has a linear DNA
f 34,820 bp with 46 ORFs of more than 40 codons.
RESULTS
hage isolation and characterization
Phage DT1 was isolated from mozzarella whey sample
btained from a factory using the strain S. thermophilus
MQ-301. It had the usual S. thermophilus phage mor-
hology, which included an isometric head of 60 nm and
noncontractile tail of 260 3 8 nm (Fig. 1). Structural
rotein profiles showed that phage DT1 had two major
tructural proteins estimated at 26 and 32 kDa (Fig. 2).
eating the restricted DNA of phage DT1 for 10 min at
0°C prior to loading on an agarose gel resulted in the
oss of one band and the appearance of two smaller
ands in the restriction profile (data not shown). These
esults confirmed the presence of cohesive ends at the
enome extremities and, consequently, corroborated its
lassification in the 2MSP/cos group. The host range of
hage DT1 was tested on 21 distinct S. thermophilus
trains, and only 5 strains were sensitive, indicative of a
imited host range. When S. thermophilus SMQ-301 was
nfected with phage DT1, 276 6 36 progeny phages (n 5
) were released per cell. The latent period was esti-
ated at 25 min.
enome of phage DT1
The entire genomic sequence of the phage DT1 was
FIG. 2. Structural protein profiles of three S. thermophilus phages by
DS–PAGE (15%). Lanes 1 and 5, weight markers; Lane 2, phage DT1;
ane 3, phage Q1; Lane 4, phage Q5.etermined. Its linear DNA had 34,820 bp with an overall
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65GENOMIC SEQUENCE OF S. thermophilus PHAGE DT1C content of 39.1% compared to 40% for its host (Farrow
nd Collins, 1984; Kilpper-Ba¨lz et al., 1982). Forty-six
RFs of more than 40 codons were found (Table 1). All
hese ORFs, except ORF8, ORF27, and ORF35, were
receded by a potential Shine–Dalgarno (SD) sequence
omplementary to the 39 end of the 16S rRNA of S.
hermophilus (Ludwig et al., 1992). These SD sequences
ere at an appropriate distance from one of the common
nitiation codons (AUG, UUG, GUG). All the ORFs were
oded on one strand and in the same orientation (Fig. 3).
he cos site was 59 protuberant and 13 nucleotides long
59-CCACCACAAGGTG-39). Only one putative early pro-
oter was recognized, upstream of ORF29, by its identity
o the consensus 210 and 235 sequences (Fig. 3). Using
he stemloop program of GCG, a region with two inverted
epeats (T1) that could terminate or attenuate transcrip-
ion was identified between ORF13 and ORF14 (Fig. 3). A
econd distinct region with two inverted repeats (T2) was
ocated between ORF44 and ORF45 (Fig. 3). The T1 stem
as 13 nucleotides long with two mismatches and a loop
f 5 nucleotides, whereas T2 had a stem of 11 nucleo-
ides with one mismatch and a loop of 10 nucleotides. No
ucleotide similarity was found between T1 and T2. Fi-
ally, only one large (254 bp) noncoding region with
irect and inverted repeats was identified (between
RF36 and ORF37) and possibly represents the origin of
hage replication (Fig. 3).
unctions of the ORFs
The 46 ORFs were compared with databases (Gen-
ank, EMBL, SwissProt, PIR, PDB, and DDBJ) using Blast
ersion 2.0.4 (Altschul et al., 1997) and ScanProsite
Prosite and SwissProt). Significant homologies were de-
ected only with phages of Gram-positive bacteria, in-
luding Lactobacillus casei (Garcia et al., 1997), Lacto-
acillus delbrueckii (Mikkonen and Alatossava, 1994),
actobacillus plantarum (Kodaira et al., 1997), Lactococ-
us lactis (Arendt et al., 1994; Birkeland, 1994; Boyce et
l., 1995; Chandry et al., 1997; Chung et al., 1991; Din-
more and Klaenhammer, 1997; Kim and Batt, 1991; Lak-
hmidevi et al., 1990; Lubbers et al., 1995; Schouler et al.,
994), Leuconostoc oenos (Sutherland et al., 1994),
taphylococcus aureus (Bon et al., 1997; Loessner et al.,
998; Weerakoon and Jayaswal, 1995), Streptococcus
neumoniae (Diaz et al., 1992; Sheehan et al., 1997), and
. thermophilus (Bru¨ssow et al., 1994b; Desie`re et al.,
997, 1998; Neve et al., 1998; Stanley et al., 1997) (Table
).
Based on amino acid homology, putative functions
ere assigned to five ORFs, and they included the ter-
inase (ORF4), holin (ORF24), lysin (ORF25), helicase
ORF33), and primase (ORF36). Recently, Chandry et al.
1997) used nonsequence alignment parameters (ORF
ength and isoelectric point) to reveal striking correspon-
ence between the late regions of coliphage lambda and (he L. lactis phage sk1, despite the absence of similarity
t the nucleotide or amino acid sequence level. Lucchini
t al. (1998) proposed that the gene map of l be used to
redict the functions of genes involved in the morphoge-
etic pathway of uncharacterized Siphoviridae phages.
his approach was used to predict the function of 15
dditional ORFs in phage DT1 (Table 2). The two MSP
ere also confirmed by N-terminal sequencing. The first
0 amino acids of the 32-kDa protein were LLDSKTDHSG
nd corresponded to the major capsid protein (ORF8).
he first 10 amino acids of the second major structural
rotein (26 kDa) were AIVGLKLVKL and coincided with
he major tail protein (ORF13). Thus, putative functions
ere assigned to 20 of the 46 ORFs (43%) possibly
resent in phage DT1.
omparison to other S. thermophilus phage genomes
Comparisons between the genome of phage DT1 with
he partial sequences available for two phages of the
MSP/cos group, showed a strong homology over a
7-kb region for the lytic phage Sfi19 and a 29-kb region
f the temperate phage Sfi21 (Fig. 4 and data not shown).
he percentage of nucleotide identity for 15 putative
enes of phage Sfi19 ranged from 67 to 93%. For phage
fi21, the percentage of nucleotide identity extended over
6 to 98% in 21 shared genes. All three phages had a
imilar genomic organization. Detailed analysis between
he two lytic phages Sfi19 and DT1 showed that most
iscrepancies were due to point mutations and they
ere not located at a specific base position. Further-
ore, small insertions and deletions might also have
ccurred within some predicted genes such as orf15
minor tail protein) and orf18 (host specificity protein)
Fig. 4). The orf13 (gene of the major tail protein) and
rf21 (unknown function) of phage DT1 were the most
onserved (.90%) compared to the putative genes of
hage Sfi19 (Fig. 4).
Homology was also detected with the genome of the
. thermophilus temperate phage O1205 (3MSP/pac). As
llustrated in Fig. 3, two large regions of DT1 genome
ere homologous to phage O1205. The ORF15–ORF27
egion of phage DT1 was similar to the ORF40–ORF51
egion of phage O1205. This segment consisted of the
enes coding for minor structural components and the
ysis cassette (Tables 1 and 2). The percentage of nucle-
tide identity extended over 40 to 92% in 9 genes, with
rf22 (in phage DT1) the most conserved (Fig. 3). The
ther homologous region, ORF32–ORF44 for phage DT1
nd ORF9–ORF23 for phage O1205, was more conserved
han the first and comprised the early genes involved in
hage replication (Fig. 3). The percentage of nucleotide
dentity ranged from 62 to 98% in 12 genes. Many of
hese genes were highly conserved (.90%) in both
hages, including orf33, orf34, orf35, orf36, and orf37Fig. 3). Mutations or insertions might also have occurred
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66 TREMBLAY AND MOINEAUTABLE 1
General Features of the Putative ORFs of Phage DT1 and Comparison with Databases
ORF Start Stop %G 1 C
Size
(aa)
MW
(kDa) pI
SD sequence
AAAGGAGGTGA 16S rRNA Function or similarity
Percentage of
identity (aa)
Accession
No.
1 304 474 39.8 56 6.3 9.60 TTAGGAGGCGAtactATG Unknown
2 601 1062 40.5 153 17.3 7.92 AGAGGAGTAATgatgaGTG Lb. casei fA2 (ORF4) 34 (23/67) X97563
3 1103 1792 38.7 229 26.2 8.55 AAGGGAGGTGAttaatagtaaATG Lb. casei fA2 (ORF5) 27 (54/193) X97563
4 1875 2984 41.4 369 42.7 4.38 TGGGCAAGTAAagGTG Lb. casei fA2 (ORF5) 32 (105/321) X97563
L. lactis fbIL67
Terminase (ORF32)
23 (71/302) L33769
L. lactis fc2
Terminase
(ORF112)
23 (71/302) L48605
5 2988 3167 37.2 59 6.6 9.3 AGAGGAGTATTaatatATG Unknown
6 3185 4345 41.5 386 42.7 5.24 AAAGGAGGTGAtaacaaTTG Unknown
7 4332 5000 37.8 222 24.5 4.98 AAAGGAGGTGAgataaATG Unknown
8 5327 6208 38.7 293 32.0 5.22 Nonidentified Major head protein This study
L. lactis fBK5-T
promoter inhibitor
61 (118/192) M34487
9 6223 6537 43.8 104 11.6 4.28 TTAGGAGGTAAgctATG S. thermophilus
fSfi19 (ORF104)
91 (95/104) AF032122
S. thermophilus
fSfi21 (ORF106)
83 (83/100) AF032121
L. oenos fL10
(ORFK)
43 (37/85) L13035
0 6537 6887 40.2 116 13.4 9.52 GAAAGAGGTGActaATG fSfi19 (ORF116) 92 (107/116) AF032122
fSfi21 (ORF116) 80 (93/116) AF032121
fL10 (*) 34 (36/103) L13035
1 6894 7316 44.2 140 15.6 9.37 AAGTTGGGTGAtagcttATG fSfi19 (ORF140) 91 (127/139) AF032122
fSfi21 (ORF141b) 76 (106/139) AF032121
fL10 (ORFA) 33 (46/138) L13035
2 7321 7692 33.1 123 14.1 4.43 GAGGGGAGTAAttaaGTG fSfi19 (ORF123) 88 (109/123) AF032122
fSfi21 (ORF123) 85 (105/123) AF032121
fL10 (ORFI) 32 (32/100) L13035
3 7715 8326 39.2 223 22.0 5.72 AAAGGAGAAAAtatatATG Major tail protein This study
fSfi19 (ORF203) 91 (186/203) AF032122
fSfi21 (ORF202) 83 (165/198) AF032121
fL10 (ORFE) 38 (76/200) L13035
S. thermophilus
f7201 (MSP)
92 (188/203) AF001793
4 8402 8755 37.6 117 13.5 4.66 AAAGGAGTAAAgaccacaATG fSfi19 (ORF117) 82 (96/117) AF032122
fSfi21 (ORF117) 88 (103/117) AF032121
f7201 (ORFX) 90 (38/42) U89246
5 8974 12811 41.0 1279 141.3 9.41 AAAGGAGGGAAtataacATG fSfi19 (ORF1626) 63 (822/1293) AF032122
fSfi21 (ORF1560) 65 (841/1289) AF032121
f7201 (ORFY) 77 (424/544) U89246
Lb. plantarum fgle 23 (125/538) X98106
L. lactis fsk1
(ORF14)
18 (178/941) AF011378
Lb. delbrueckii fLL-H
(ORF150)
25 (40/155) L29568
L. lactis fF4-1 (*) 19 (63/324) M37979
S. thermophilus
fO1205 (ORF40)
21 (101/467) U88974
6 12758 13948 44.2 396 43.2 8.83 CATGGGGGTACtactatcGTG fSfi19 (ORF1626) 86 (338/391) AF032122
fSfi21 (ORF1560) 86 (339/391) AF032121
fLL-H (ORF150) 52 (110/210) L29568
fgle 45 (84/184) X98106
B. subtilis (f-like
element)
46 (59/126) Z70177
Note. *, ORFs that were not identified by the authors; aa, amino acids; B. subtilis, Bacillus subtilis; Lb. casei, Lactobacillus casei; Lb. delbrueckii,
actobacillus delbrueckii; Lb. plantarum, Lactobacillus plantarum; L. lactis, Lactococcus lactis; L. oenos, Leuconostoc oenos; S. pneumoniae,
treptococcus pneumoniae; S. thermophilus, Streptococcus thermophilus.
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67GENOMIC SEQUENCE OF S. thermophilus PHAGE DT1TABLE 1—Continued
ORF Start Stop %G 1 C
Size
(aa)
MW
(kDa) pI
SD sequence
AAAGGAGGTGA 16S rRNA Function or similarity
Percentage of
identity (aa)
Accession
No.
7 13945 15501 40.2 518 58.3 5.62 TTAGGAGGTCGcattatTTG fSfi19 (ORF515) 90 (468/516) AF032122
fSfi21 (ORF515) 88 (455/515) AF032121
fO1205 (ORF41) 42 (193/450) U88974
fBK5-T (ORF410) 23 (98/412) L44593
8 15501 18245 38.3 914 103.0 5.19 GAAGGAGCGCTttgtttaATG fSfi19 (ORF1291) 85 (490/571) AF032122
fSfi21 (ORF1276) 85 (491/571) AF032121
fO1205 (ORF45) 55 (263/474) U88974
fBK5-T (ORF1904) 35 (198/563) L44593
fO1205 (ORF42) 37 (112/297) U88974
S. pneumoniae fDp-1
(ORF1)
42 (82/195) Z93946
Cell attachment
sequence (Motif R-
G-D)
9 18248 20080 42.8 610 68.1 7.10 GCAGGAGGTATttaataATG fSfi19 (ORF670) 74 (421/567) AF032122
fSfi21 (ORF670) 74 (422/567) AF032121
fO1205 (ORF46) 50 (289/568) U88974
fDp-1 (ORF2) 36 (177/490) Z93946
0 20019 20306 36.5 95 10.7 4.72 AAGAGCGAACTtagttcGTG Unknown
1 20332 20727 37.6 131 14.9 4.70 AAGAAAGGAATaattATG fSfi19 (ORF131) 93 (122/131) AF032122
fSfi21 (ORF117b) 74 (97/131) AF032121
fO1205 (ORF47) 74 (98/131) U88974
2 20734 20880 29.9 48 5.6 9.16 AAAGGATGAAAagatATG fSfi19 (*) 67 (33/49) AF032122
fSfi21 (*) 67 (33/49) AF032121
fO1205 (ORF48) 68 (33/48) U88974
3 20898 21221 37.7 107 12.4 5.70 ATAGGAGGGATgtgttATG Unknown
4 21229 21471 37.0 80 8.9 8.09 AGAGGATAATAataaaATG Holin, see Fig. 6
5 21473 22075 41.8 200 22.0 4.64 AAAGGAGAAATaaaATG Lysin, see Fig. 6
6 22282 22467 28.5 61 6.9 9.55 AAAGATGGTGTcataagATG Unknown
7 22517 22747 44.6 76 8.3 9.03 Nonidentified fO1205 (*) 54 (41/75) U88974
fSfi21 (*) 50 (38/75) AF032121
fSfi19 (*) 48 (36/75) AF032122
8 23301 23852 36.2 183 21.4 8.46 AAAGGAGGAAAcaaaATG S. thermophilus fTP-J34
(ORF103b)
94 (86/91) AF020798
9 24038 24241 37.7 67 7.6 8.85 GAAGGAGGAACaaaATG fTP-J34 (cro-like) 90 (60/66) AF020798
0 24512 24652 37.6 46 5.5 9.78 AAAGGAAATAAaaaaATG Unknown
1 24914 25228 34.0 104 12.3 4.75 TGAAGAGATTAatcaactATG Unknown
2 25275 25976 43.6 233 26.4 4.95 AAAGGAAGAAAtaacggATG fO1205 (ORF9) 73 (171/233) U88974
fSfi21 (ORF233) 72 (170/233) AF004379
fBK5-T (ORF234) 58 (135/230) L44593
L. lactis f31 (ORF245) 37 (90/241) U51128
fgle (HEL; NTP-binding) 28 (63/225) X98106
ATP–GTP binding motif
A (P-loop)
3 25951 27282 39.5 443 50.5 8.97 AAATTTGGTGAtttagATG fO1205 (ORF10;
putative helicase)
89 (395/443) U88974
fSfi21 (ORF443;
putative helicase)
88 (394/443) AF004379
Lactococcus phage
conserved protein
40 (143/351) M36388
4 27289 27744 35.7 151 17.2 5.12 TATGGAGATAAaaaactATG fO1205 (ORF11) 97 (147/151) U88974
fSfi21 (ORF124) 92 (111/120) AF004379
L. lactis f7-9 (gp18C) 34 (47/135) S42434
S. thermophilus (2.2kb
conserved fragment)
98 (67/68) X77469
5 27732 28562 40.6 276 31.0 7.51 Nonidentified fSfi21 (ORF271) 98 (266/271) AF004379
fO1205 (ORF12) 98 (264/269) U88974
2.2kb conserved 97 (263/271) X77469fragment (ORF1)
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68 TREMBLAY AND MOINEAUo account for orf16, orf20, orf23, orf26, and orf41 in
hage DT1 as well as orf17, orf19, orf22, orf43, orf44, and
rf49 in phage O1205.
The two homologous regions were interspersed by
wo large heterologous regions. The first heterologous
egion corresponded to ORF45–ORF14 in phage DT1 and
o ORF24–ORF39 in phage O1205 (Fig. 3). This location
ontained the genes encoding the DNA packaging ma-
hinery (pac in O1205 versus cos in DT1) and the major
tructural proteins (three in O1205 versus two in DT1).
his segment was flanked by the two inverted repeat
egions (T1 and T2). A similar T2 region (upstream of
RF45) was found at the same location in O1205 (up-
tream of ORF24). T1 was not present in phage O1205.
The second divergent region coincided with the lysog-
ny module of phage O1205, which was absent in the
ytic phage DT1 (Fig. 3). However, orf29 of phage DT1
as very similar to a cro-like gene present in the S.
hermophilus temperate phage TP-J34, a member of the
MSP/pac group (Neve et al., 1998). Homology was also
ound between orf28 of phage DT1 and another gene
orf103b) of phage TP-J34 (Fig. 5). Although, orf28 and
rf29 were adjacent in phage DT1, orf103b was approx-
mately 3.5 kb upstream of the cro-like gene in TP-J34
Fig. 5). Furthermore, orf29 and orf30 in phage DT1 were
eparated by 0.3 kb, whereas homologues in TP-J34
ere 1.5 kb apart. No similarity was found with the
ysogeny modules of phages O1205 and Sfi21.
ysis cassette
The holin (ORF24) and lysin (ORF25) of phage DT1
TABLE
ORF Start Stop %G 1 C
Size
(aa)
MW
(kDa) pI
S
AAAGGA
6 28549 30063 35.8 504 59.0 6.72 TAAGGAG
7 30317 30748 34.3 143 16.9 4.60 ACAAAAG
8 30730 31053 39.5 107 12.1 9.61 TTGCGAG
9 31034 31282 36.9 82 9.7 8.71 CTATGAG
0 31267 31422 28.2 51 6.3 5.61 AGAGATG
1 31551 31763 33.8 70 7.9 5.51 CAAGAAG
2 31943 32440 36.9 165 18.9 5.48 GGTTGAG
3 32415 32717 39.3 100 11.1 9.37 AAAGGAA
4 32714 33421 39.4 235 27.6 9.28 AAAGGAA
5 33698 34096 38.8 132 15.5 8.97 AAAGGAA
6 34169 34726 46.4 185 21.5 9.78 TCAGAAGere closely related to lysis cassettes of other Gram- cositive phages (Fig. 6). Due to a short insertion (450 bp)
t the C-terminal, the lysin of phage DT1 was consider-
bly shorter (70 to 80 amino acids) than other analogous
ysins (Fig. 6). Loessner et al. (1998) reported that a large
ortion of the C-terminal of the S. aureus phage lysin
295 out of 467 amino acids) was not essential for activ-
ty. The N-terminal of phage DT1 lysin was more con-
erved than the C-terminal part. In the Siphoviridae fam-
ly, the catalytic activity of the phage lysin is located at
he N-terminal end, whereas the target recognition is at
he C-terminal domain (Loessner et al., 1995). Although
he lysin genes of other S. thermophilus phages (Desie`re
t al., 1998; Stanley et al., 1997) were preceded by two
olin genes, only one gene with holin characteristics
as found in phage DT1. A dual start motif was also not
ound in the holin gene of phage DT1 (Loessner et al.,
995, 1998).
DISCUSSION
Phage DT1 was the first S. thermophilus phage from a
orth American dairy plant characterized at the microbi-
logical and molecular levels. This lytic phage belongs to
he 2MSP/cos group proposed by Le Marrec et al. (1997).
hey previously reported that 19 out of the 30 S. ther-
ophilus phages obtained from various international col-
ections were also classified within this 2MSP/cos group.
o our knowledge, it is also the first complete genomic
equence available for an S. thermophilus phage of the
MSP/cos group isolated from cheese.
The genome of S. thermophilus phage DT1 showed
triking homologies with the genome of two partially
tinued
ence
A 16S rRNA Function or similarity
Percentage of
identity (aa)
Accession
No.
gacTTG fSfi21 (ORF382;
putative primase)
98 (377/382) AF004379
fSfi21 (ORF109) 99 (108/109) AF004379
fO1205 (ORF13;
putative primase)
96 (485/504) U88974
2.2kb conserved
fragment (ORF2)
98 (273/277) X77469
Lb. delbrueckii
pWS58 (primase)
29 (128/435) Z50864
aaaaATG fSfi21 (ORF143) 93 (133/143) AF004379
fO1205 (ORF14) 90 (130/143) U88974
taaggaATG fO1205 (ORF15) 95 (79/83) U88974
fSfi21 (*) 90 (18/20) AF004379
ttgATG fO1205 (ORF16) 53 (42/79) U88974
actATG fO1205 (ORF18) 73 (36/49) U88974
gaataATG Unknown
ataaATG fO1205 (ORF20) 66 (119/180) U88974
attgATG fO1205 (ORF21) 71 (66/92) U88974
caATG fO1205 (ORF23) 72 (168/233) U88974
atttATG Unknown
agtaGTG Unknown1—Con
D sequ
GGTG
GATTg
GATAa
CATTta
GATAg
GTAGa
GGATa
GTTGa
TAATg
GAGGg
AGACaharacterized phages of the 2MSP/cos group. This sim-
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69GENOMIC SEQUENCE OF S. thermophilus PHAGE DT1larity indicates that these phages are highly related,
ven if they were isolated from different countries and
cological niches. As observed by Desie`re et al. (1998)
hile comparing phages Sfi19 with Sfi21, point muta-
ions, small deletions, and insertions might be responsi-
le for the divergence between phages of the 2MSP/cos
luster.
Comparative genome analysis of phage DT1 with the
ompletely sequenced S. thermophilus phage O1205
3MSP/pac group) revealed roughly 2 large homologous
egions interspersed by 2 heterologous segments. The
enomes of the lambdoid phages have been divided into
1 major segments of functional genes occurring in the
ame chromosomal order (Casjens et al., 1992). At this
ime, the genome of S. thermophilus phage could be
entatively separated into 4 large fragments. The first
egion (heterologous) consists of the DNA packaging
achinery and the major structural proteins. The second
egment (homologous) is made of the late morphogen-
sis genes and the lysis cassette. The third division
heterologous) corresponds to the lysogeny module and
he fourth (homologous) to the replication genes. As
ore genomes become accessible, additional modules
re likely to be recognized in S. thermophilus phages.
he identification of highly conserved genes in the two
istinct groups of phages was also of substantial interest
ecause they could serve as potential targets for the
evelopment of anti-viral strategies to construct the
eeded phage-resistant S. thermophilus strains
Moineau et al., 1995).
The first heterologous region concurred with the pro-
T
Comparison between the Molecular Weight (MW) and
with Known Pro
l
Protein MW pI ORFs
Nu1 20.4 5.0 3
A 73.3 6.1 4
W 7.6 10.0 5
B 59.4 5.7 6
Nu3 20.8 4.5 7
E 38.2 5.3 8
Fi 14.3 4.6 9
Fii 12.8 4.8 10
Z 21.6 12.1 11
U 14.6 4.0 12
V 25.8 5.0 13
G 15.6 5.1 14
H 92.3 8.6 15
M 12.5 9.6 16
L 25.7 4.7 17
J 124.4 5.7 18osed classification based on the number of major struc- vural proteins and the mechanism of DNA packaging (Le
arrec et al., 1997). It is noteworthy that the classifica-
ion was established prior to the DNA sequences. One
ould speculate that the availability of two packaging
ystems and two sets of structural proteins in S. ther-
ophilus phages could represent an adaptive response
o a particular dairy environment or to a specific host.
he latter is of interest because lactic acid bacteria are
nown to possess an arsenal of anti-phage systems (for
eview, see Dinsmore and Klaenhammer, 1995). Because
ome of these phage proteins share homology to other
actic acid bacteriophages, horizontal transfer could be a
ossible mechanism for creating this diversity. Interest-
ngly, this heterologous region was flanked by two in-
erted repeat regions. Chromosomal plasticity is often
bserved in AT-rich intergenic regions that contain in-
erted repeat sequences (Repoila et al., 1994). Insertions
n intergenic regions are less likely to have deleterious
ffects on the viability of phages. It will be of interest to
ee if these inverted repeats are conserved in other S.
hermophilus phages because they could play a role in
ecombination (Lupski and Weinstock, 1992). Further
ork is also needed to determine whether those two
ets of MSP and packaging machineries are indeed
nterchangeable without affecting phage viability.
The second divergent segment corresponded to the
ysogeny module of phage O1205 that was absent in the
ytic phage DT1. The presence of a cro-like gene sug-
ests that phage DT1 might be a lytic variant of a tem-
erate phage. Bruttin et al. (1996, 1997b, and 1997c)
bserved the emergence of S. thermophilus lytic phage
electric Point (pI ) of Putative Proteins of Phage DT1
f Coliphage l
DT1
MW pI Function
26.2 8.6 Terminase small subunit
42.7 4.4 Terminase large subunit
6.6 9.3 Head–tail joining
42.7 5.2 Portal protein
24.5 5.0 Scaffolding protein
32.0 5.2 Major head protein
11.6 4.3 DNA packaging
13.4 9.5 Head–tail joining
15.6 9.4 Tail component
14.1 4.4 Tail component
22.0 5.7 Major tail protein
13.5 4.7 Tail component
141.3 9.4 Tail component
43.2 8.8 Tail component
58.3 5.6 Tail component
103.0 5.2 Tail–host specificityABLE 2
the Iso
teins oariants during serial passages of the temperate phage
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70 TREMBLAY AND MOINEAUfi21 on an indicator strain. In that case, spontaneous
ite-specific deletions were detected in two different
egions of the lysogeny module. A 2.7-kb deletion
named D2) resulted in the loss of the genes coding for
he integrase, the immunity, and part of the CI repressor
Bruttin and Bru¨ssow, 1996). The other deletion (named
1) was smaller (750 bp) and eliminated sequences
nvolved in the immunity control. Similar D1 and D2
eletions might have occurred in phage DT1 (Fig. 5).
owever, in phage DT1, these deletions would have
een larger: 1 and 3.5 kb for D1 and D2, respectively. It
s tempting to speculate that phage DT1 lost part of a
P-J34-like lysogeny module via one or two deletions and
ecame lytic. Nevertheless, deletions seem to play a
ajor role in generating lytic phages from temperate
hage in S. thermophilus. These deletions could be
inked to the developmental decision of the phage (Brut-
in and Bru¨ssow, 1996). In coliphage l, nutrient limitation
enefits the lysogenic pathway, while active growth in a
ich media favors the lytic pathway (Friedman and
ottesman, 1983). Because S. thermophilus strains are
ropagated in a luxurious medium such as milk, lytic
hages might be favored (Bruttin and Bru¨ssow, 1996).
FIG. 3. Genetic organization of phage DT1 (2MSP/cos) and phage O1
he length of the arrow is proportional to the length of the predicted or
ave a similar size, orientation, and location within their respective gen
oth sequences as defined in the color code at the top of the figure. T
egions were based on Stanley et al. (1997). P, putative promoter; T1 aIn summary, we hypothesize that the overall genetic arganization of the lytic phage DT1 resulted from at least
wo different processes. First, spontaneous deletion
vents in the lysogenic module of a temperate phage
ight have generated the lytic variant phage DT1. Sec-
nd, the diversity in the structural genes and the pack-
ging mechanism were most likely obtained via recom-
ination, mediated by homologous recombination in a
hage–phage interaction (Black, 1989; Casjens et al.,
992), or by the inverted repeats located at the transition
oints. As previously observed by Desie`re et al. (1998)
ith other S. thermophilus phages, point mutations,
mall deletions, and insertions were also probably in-
olved in the evolution of the highly virulent phage DT1
esponsible for milk fermentation failures.
MATERIALS AND METHODS
acterial strains, phages, and media
Streptococcus thermophilus SMQ-301 was grown at
2°C in an M17 broth (Difco Laboratories, Detroit, MI)
Terzaghi and Sandine, 1975) supplemented with 0.5%
actose and 0.3% nonfat dry milk. Phage DT1 was iso-
ated from a mozzarella whey sample in 1996 (Tremblay
SP/pac). The name of the predicted orf is indicated below the arrow.
genomes were compared at the nucleotide level and homologous orfs
he colored arrows give the percentage of nucleotide identity between
bers on the left side represent the reading frames. The five modular
putative terminators; ori, putative origin of replication.205 (3M
f. Both
omes. T
he numnd Moineau, 1997). Phages Q1 (3MSP/pac) and Q5
T
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p
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h
71GENOMIC SEQUENCE OF S. thermophilus PHAGE DT1FIG. 4. Comparative genomic analysis between the lytic phages DT1 and Sfi19 of the 2MSP/cos cluster. The predicted orfs are identified in boxes.
he length of the box is proportional to the length of the predicted orf. The colored bars give the percentage of nucleotide identity between both
equences as defined in the color code at the top of the figure. The numbers below and above the alignments give the base pair numbers of the
ompared sequences. The vertical lines indicate the transition zones between the two phages. The figure was created with the SIM Alignment tool
nd Lalnview (Huang and Miller, 1991; http://expasy.hcuge.ch).
FIG. 5. Alignment of the lysogeny module of phage TP-J34 (3MSP/pac) with a genomic region of phage DT1 (2MSP/cos). The predicted orfs are
dentified in boxes and putative function of the proteins are indicated above (in DT1) or below (in TP-J34) the boxes. The length of the box is
roportional to the length of the predicted orf. The colored bars give the percentage of nucleotide identity between both sequences as defined in the
olor code at the top of the figure. The numbers below and above the alignments give the base pair numbers of the compared sequences. The vertical
ines indicate the transition zones between the two phages. The figure was created with the SIM Alignment tool and Lalnview (Huang and Miller, 1991;
ttp://expasy.hcuge.ch).
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72 TREMBLAY AND MOINEAU2MSP/cos) were used as representatives of the two S.
hermophilus phage groups (Le Marrec et al., 1997;
oineau et al., 1995). For phage propagation, calcium
hloride was added to the medium to a final concentra-
ion of 10 mM. Phages were purified and concentrated by
discontinuous CsCl gradient (Sambrook et al., 1989).
ne-step-growth assays were performed as described
reviously, using a m.o.i. of 0.2 (Moineau et al., 1993). The
urst size was estimated by dividing the average titer
FIG. 6. Comparison of amino acid sequences between holins and
ashes indicate gaps in the aligned sequences. Phage Sfi19, S. thermo
F032121; phage O1205, S. thermophilus Accession No. U88974; p
taphylococcus aureus Accession No. L34781; phage 80, S. aureus A
actococcus lactis Accession No. U04309; phage Tuc2009, L. lactis Acc
K5-T, L. lactis Accession No. L44593.hen phages reached the higher plateau by the average Fiter of the lower plateau on the one-step-growth curves.
scherichia coli DH5a was grown in an LB medium
Sambrook et al., 1989) and supplemented with 50 mg/ml
f ampicillin when transformed with pBluescript KS
Stratagene, La Jolla, CA).
lectron microscopy
Purified phages were deposited on a carbon-coated
of Gram-positive phages. Asterisks indicate conserved amino acids.
Accession No. AF032122; phage Sfi21, S. thermophilus Accession No.
Ej-1, Streptococcus pneumoniae Accession No. S43512; phage 11,
n No. U72397; øTwort, S. aureus Accession No. Y07739; phage LC3,
No. L31364; phage Dp-1, S. pneumoniae Accession No. Z93946; phagelysins
philus
hage
ccessio
essionormvar grid and mixed with an equal volume of 2%
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73GENOMIC SEQUENCE OF S. thermophilus PHAGE DT1otassium phosphotungstate (pH 7.2). Phages were ob-
erved with a Philips EM 300 electron microscope. Mag-
ification was monitored with catalase crystals (Luftig,
967). Dimensions were measured on photographic
rints at a final magnification of 297,0003.
NA extraction and analysis
Phage DNA was isolated using the Qiagen lambda
axi kit (Qiagen, Chatsworth, CA). Plasmid DNA was
urified from E. coli with Qiagen plasmid kits or as
escribed by Birnboim and Doly (1979). Restriction en-
FIG. 6ymes were used as recommended by the manufacturer fBoehringer Mannheim, Laval, Que´bec, Canada), and the
igested DNA was run on a 0.8% agarose gel in TAE
uffer (40 mM Tris–acetate, 1 mM EDTA). DNA fragments
ere stained with ethidium bromide, photographed un-
er UV illumination, and then transferred to Hybond-N1
ylon membranes (Amersham, Oakville, Ontario, Can-
da) by capillary blotting (Sambrook et al., 1989). The
hage DT1 genome was digested with EcoRV, randomly
abeled with the DIG DNA labeling kit (Boehringer Mann-
eim), and used as a probe. Prehybridization, hybridiza-
ion, posthybridization washes, and detection were per-
uedormed as suggested in the “DIG System User’s Guide for
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74 TREMBLAY AND MOINEAUilter Hybridization.” The standard hybridization buffer
50% formamide) and CSPD were utilized for hybridiza-
ion steps and chemiluminescent detection, respectively.
tructural protein profile and N-terminal sequencing
Phage structural proteins were separated as de-
cribed by Braun et al. (1989) through a 15% SDS–PAGE
sing the Mini-Protean II apparatus (Bio-Rad Laborato-
ies, La Jolla, CA). Broad-range protein molecular weight
arkers (New England Biolabs, Ontario, Canada) were
sed to estimate the size of stained proteins (0.1% Coo-
assie blue, 40% methanol, 10% acetic acid). For N-
erminal sequencing, the polyacrylamide gel was trans-
erred onto a PVDF membrane using a Trans blot appa-
atus (Bio-Rad Laboratories) in Caps buffer (10 mM
-cyclohexylamino-1-propanesulfonic acid, pH 11). The
embrane was stained (0.1% Coomassie blue, 40%
ethanol, 1% acetic acid) and the protein band of inter-
st was cut from the membrane for sequencing by Ed-
an’s degradation with an Applied Biosystems 473A
ulsed liquid protein sequencer (Applied Biosystems,
oster City, CA).
NA sequencing and analysis
The phage DNA was digested with ClaI and the frag-
ents were cloned into pBluescript KS using T4 DNA
igase (Boehringer Mannheim). The recombinant plas-
ids were electroporated into E. coli DH5a using Gene
ulser II (Bio-Rad) as described previously (Moineau et
l., 1994). Clones were confirmed by Southern hybridiza-
ion using total phage DNA as probe. DNA was se-
uenced on both strands with an Applied Biosystems
73A automated DNA sequencer using synthetic oligo-
ucleotide primers as well as the universal forward and
everse primers (Applied Biosystems 394 DNA/RNA Syn-
hetizer). The sequence was completed by primer walk-
ng using the total phage genome as template. The cos
ite was determined by comparing the sequences ob-
ained with linear and ligated phage DNA. The assembly
nd sequence analysis were performed with the Wiscon-
in Package Version 9.0 (Genetics Computer Group,
adison, WI) (Devereux et al., 1984). The complete se-
uence of 34,820 bp is available under Accession No.
F085222.
ACKNOWLEDGMENTS
We acknowledge Quest International for providing some of the S.
hermophilus strains. We thank Hans-W. Ackermann for the electron
icrograph. We are grateful to Eric Emond and Julie Bouchard for
iscussions. We also thank Rene´e Lagueux for technical assistance.
his study was funded by an operating grant from the Natural Sciences
nd Engineering Research Council of Canada.
REFERENCES
ccolas, J. P., and Spillman, H. (1979). The morphology of six bacterio-
phages of Streptococcus thermophilus. J. Appl. Bacteriol. 47, 135–
144. Dltschul, S. F., Madden, T. L., Scha¨ffer, A. A., Zhang, J., Zhang, Z., Miller,
W., and Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: A new
generation of protein database search programs. Nucleic Acids Res.
25, 3389–3402.
rendt, E. K., Daly, C., Fitzgerald, G. F., and van de Guchte, M. (1994).
Molecular characterization of lactococcal bacteriophage Tuc2009
and identification and analysis of genes encoding lysin, a putative
holin, and two structural proteins. Appl. Environ. Microbiol. 60, 1875–
1883.
enbadis, L., Faelen, M., Slos, P., Fazel, A., and Mercenier, A. (1990).
Characterization and comparison of virulent bacteriophages of
Streptococcus thermophilus isolated from yogurt. Biochimie 72, 855–
862.
irkeland, N. K. (1994). Cloning, molecular characterization, and ex-
pression of the genes encoding the lytic functions of lactococcal
bacteriophage phi LC3: A dual lysis system of modular design. Can.
J. Microbiol. 40, 658–665.
irnboim, H. C., and Doly, J. (1979). A rapid alkaline extraction proce-
dure for screening recombinant plasmid DNA. Nucleic Acids Res. 7,
1513–1523.
lack, L. W. (1989). DNA packaging in dsDNA bacteriophages. Annu.
Rev. Microbiol. 43, 267–292.
on, J., Mani, N., and Jayaswal, R. K. (1997). Molecular analysis of lytic
genes of bacteriophage 80 alpha of Staphylococcus aureus. Can. J.
Microbiol. 43, 612–616.
oyce, J. D., Davidson, B. E., and Hillier, A. J. (1995). Sequence analysis
of the Lactococcus lactis temperate bacteriophage BK5-T and dem-
onstration that the phage DNA has cohesive ends. Appl. Environ.
Microbiol. 61, 4089–4098.
raun, V., Hertwig, S., Neve, H., Geis, A., and Teuber, M. (1989). Taxo-
nomic differentiation of bacteriophages of Lactococcus lactis by
electron microscopy, DNA–DNA hybridization and protein profiles.
J. Gen. Microbiol. 135, 2551–2560.
ru¨ssow, H., Bruttin, A., Desie`re, F., Lucchini, S., and Foley, S. (1998).
Molecular ecology and evolution of Streptococcus thermophilus bac-
teriophages—A review. Virus Genes 16, 95–109.
ru¨ssow, H., Fremont, M., Bruttin, A., Sidoti, J., Constable, A., and
Fryder, V. (1994a). Detection and classification of Streptococcus
thermophilus bacteriophages isolated from industrial milk fermenta-
tion. Appl. Environ. Microbiol. 60, 4537–4543.
ru¨ssow, H., Probst, A., Fremont, M., and Sidoti, J. (1994b). Distinct
Streptococcus thermophilus bacteriophages share an extremely
conserved DNA fragment. Virology 200, 854–857.
ruttin, A., and Bru¨ssow, H. (1996). Site-specific spontaneous deletions
in three genome regions of a temperate Streptococcus thermophilus
phage. Virology 219, 96–104.
ruttin, A., Desie`re, F., D’Amico, N., Gue´rin, J. P., Sidoti, J., Huni, B.,
Lucchini, S., and Bru¨ssow, H. (1997a). Molecular ecology of Strepto-
coccus thermophilus bacteriophage infections in a cheese factory.
Appl. Environ. Microbiol. 63, 3144–3150.
ruttin, A., Desie`re, F., Lucchini, S., Foley, S., and Bru¨ssow, H. (1997b).
Characterization of the lysogeny DNA module from the temperate
Streptococcus thermophilus bacteriophage øSfi21. Virology 233,
136–148.
ruttin, A., Foley, S., and Bru¨ssow, H. (1997c). The site-specific integra-
tion system of the temperate Streptococcus thermophilus bacterio-
phage øSfi21. Virology 237, 148–158.
asjens, S., Hatful, G., and Hendrix, R. (1992). Evolution of dsDNA
tailed-bacteriophage genomes. Semin. Virol. 3, 383–397.
handry, P. S., Moore, S. C., Boyce, J. D., Davidson, B. E., and Hillier, A. J.
(1997). Analysis of the DNA sequence, gene expression, origin of
replication and modular structure of the Lactococcus lactis lytic
bacteriophage sk1. Mol. Microbiol. 26, 49–64.
hung, D. K., Kim, J. H., and Batt, C. A. (1991). Cloning and nucleotide
sequence of the major capsid protein from Lactococcus lactis ssp.
cremoris bacteriophage F4–1. Gene 101, 121–125.esie`re, F., Lucchini, S., and Bru¨ssow, H. (1998). Evolution of Strepto-
DD
D
D
D
F
F
F
G
H
K
K
K
K
L
L
L
L
L
L
L
L
L
L
M
M
M
M
M
M
N
N
P
R
S
75GENOMIC SEQUENCE OF S. thermophilus PHAGE DT1coccus thermophilus bacteriophage genomes by modular ex-
changes followed by point mutations and small deletions and inser-
tions. Virology 241, 345–356.
esie`re, F., Lucchini, S., Bruttin, A., Zwahlen, M. C., and Bru¨ssow, H.
(1997). A highly conserved DNA replication module from Streptococ-
cus thermophilus phages is similar in sequence and topology to a
module from Lactococcus lactis phages. Virology 234, 372–382.
evereux, J., Haeberli, P., and Smithies, O. (1984). A comprehensive set
of sequence analysis programs for the VAX. Nucleic Acids Res. 12,
387–395.
iaz, E., Lopez, R., and Garcia, J. L. (1992). EJ-1, a temperate bacterio-
phage of Streptococcus pneumoniae with a Myoviridae morphotype.
J. Bacteriol. 174, 5516–5525.
insmore, P. K., and Klaenhammer, T. R. (1995). Bacteriophage resis-
tance in Lactococcus. Mol. Biotechnol. 4, 297–314.
insmore, P. K., and Klaenhammer, T. R. (1997). Molecular character-
ization of a genomic region in a Lactococcus bacteriophage that is
involved in its sensitivity to the phage defense mechanism AbiA. J.
Bacteriol. 179, 2949–2957.
arrow, J. A. E., and Collins, M. D. (1984). DNA base composition,
DNA–DNA homology and long-chain fatty acid studies on Strepto-
coccus thermophilus and Streptococcus salivarius. J. Gen. Microbiol.
130, 357–362.
ayard, B., Haefliger, M., and Accolas, J. P. (1993). Interactions of
temperate bacteriophages of Streptococcus salivarius subsp. ther-
mophilus with lysogenic indicators affect phage DNA restriction
patterns and host ranges. J. Dairy Res. 60, 385–399.
riedman, D. I., and Gottesman, M. (1983). Lytic mode of lambda
development. In “Lambda II” (R. Hendrix, J. W. Roberts, F. W. Stahl,
and R. A. Weisberg, Ed.), pp. 21–51. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY.
arcia, P., Alonso, J. C., and Suarez, J. E. (1997). Molecular analysis of
the cos region of the Lactobacillus casei bacteriophage A2. Gene
product 3, gp3, specifically binds to its downstream cos region. Mol.
Microbiol. 23, 505–514.
uang, X., and Miller, W. (1991). A time-efficient, linear-space local
similarity algorithm. Adv. Appl. Math. 12, 337–357.
ilpper-Ba¨lz, R., Fischer, G., and Schleifer, K. H. (1982). Nucleic acid
hybridization of group N and group D streptococci. Curr. Microbiol. 7,
245–250.
im, S. G., and Batt, C. A. (1991). Identification of a nucleotide sequence
conserved in Lactococcus lactis bacteriophages. Gene 98, 95–100.
odaira, K. I., Oki, M., Kakikawa, M., Watanabe, N., Hirakawa, M.,
Yamada, K., and Taketo, A. (1997). Genome structure of the Lactoba-
cillus temperate phage gle: The whole genome sequence and the
putative promoter/repressor system. Gene 187, 45–53.
rusch, U., Neve, H., Luschei, B., and Teuber, M. (1987). Characteriza-
tion of virulent bacteriophages of Streptococcus salivarius subsp.
thermophilus by host specificity and electron microscopy. Kieler
Milchwirtschaftliche Forschungsberichte 39, 155–167.
akshmidevi, G., Davidson, B. E., and Hillier, A. J. (1990). Molecular
characterization of promoters of the Lactococcus lactis subsp. cre-
moris temperate bacteriophage BK5-T and identification of a phage
gene implicated in the regulation of promoter activity. Appl. Environ.
Microbiol. 56, 934–942.
arbi, D., Colmin, C., Rousselle, L., Decaris, B., and Simonet, J. M.
(1990). Genetic and biological characterization of nine Streptococcus
salivarius subsp. thermophilus bacteriophages. Lait 70, 107–116.
e Marrec, C., van Sinderen, D., Walsh, L., Stanley, E., Vlegels, E.,
Moineau, S., Heinze, P., Fitzgerald, G., and Fayard, B. (1997). Two
groups of bacteriophages infecting Streptococcus thermophilus can
be distinguished on the basis of mode of packaging and genetic
determinants for major structural proteins. Appl. Environ. Microbiol.
63, 3246–3253.
oessner, M. J., Gaeng, S., Wendlinger, G., Maier, S. K., and Scherer, S.
(1998). The two-component lysis system of Staphylococcus aureus Sbacteriophage Twort: A large TTG-start holin and an associated
amidase endolysin. FEMS Microbiol. Lett. 162, 265–274.
oessner, M. J., Wendlinger, G., and Scherer, S. (1995). Heterogenous
endolysins in Listeria monocytogenes bacteriophages: A new class
of enzymes and evidence for conserved holin genes within the
siphoviridale lysis cassette. Mol. Microbiol. 16, 1231–1241.
ubbers, M. W., Waterfield, N. R., Beresford, T. P. J., Le Page, R. W. F., and
Jarvis, A. W. (1995). Sequencing and analysis of the prolate-headed
lactococcal bacteriophage c2 genome and identification of the struc-
tural genes. Appl. Environ. Microbiol. 61, 4348–4356.
ucchini, S., Desie`re, F., and Bru¨ssow, H. (1998). The structural gene
module in Streptococcus thermophilus bacteriophage Sfi11 shows a
hierarchy of relatedness to Siphoviridae from a wide range of bac-
terial hosts. Virology 246, 63–73.
udwig, W., Kirchhof, G., Klugbauer, N., Weizenegger, M., Betzl, D.,
Ehrmann, M., Hertel, C., Jilg, S., Tatzel, R., Zitzelsberger, H., Liebl, S.,
Hochberger, M., Shah, J., Lane, D., Wallno¨fer, P. R., and Schleifer, K. H.
(1992). Complete 23S ribosomal RNA sequences of gram-positive
bacteria with a low DNA G 1 C content. Syst. Appl. Microbiol. 15,
487–501.
uftig, R. (1967). An acurate measurement of the catalase crystal period
and its use as an internal marker for electron microscopy. J. Ultra-
struct. Res. 20, 91–102.
upski, J. R., and Weinstock, G. M. (1992). Short, interspersed repetitive
DNA sequences in prokaryotic genomes. J. Bacteriol. 174, 4525–
4529.
ercenier, A., Pouwels, P. H., and Chassy, B. M. (1994). Genetic engi-
neering of lactobacilli, leuconostocs, and Streptococcus thermophi-
lus. In “Genetics and Biotechnology of Lactic Acid Bacteria” (M. J.
Gasson and W. M. DeVos, Eds.), pp. 253–293. Blackie, Glasgow.
ikkonen, M., and Alatossava, T. (1994). Characterization of the ge-
nome region encoding structural proteins of Lactobacillus del-
brueckii subsp. lactis phage LL-H. Gene 151, 53–59.
oineau, S., Borkaev, M., Holler, B. J., Walker, S. A., Kondo, J. K.,
Vedamuthu, E. R., and Vandenbergh, P. A. (1996). Isolation and char-
acterization of lactococcal bacteriophages from cultured buttermilk
plants in the United States. J. Dairy Sci. 79, 2104–2111.
oineau, S., Durmaz, E., Pandian, S., and Klaenhammer, T. R. (1993).
Differentiation of two abortive mechanisms by using monoclonal
antibodies directed toward lactococcal bacteriophage capsid pro-
teins. Appl. Environ. Microbiol. 59, 208–212.
oineau, S., Pandian, S., and Klaenhammer, T. R. (1994). Evolution of a
lytic bacteriophage via DNA acquisition from Lactococcus lactis
chromosome. Appl. Environ. Microbiol. 60, 1832–1841.
oineau, S., Walker, S. A., Holler, B. J., Vedamuthu, E. R., and Vanden-
bergh, P. A. (1995). Expression of a Lactococcus lactis phage resis-
tance mechanism by Streptococcus thermophilus. Appl. Environ.
Microbiol. 61, 2461–2466.
eve, H., Krusch, U., and Teuber, M. (1989). Classification of virulent
bacteriophages of Streptococcus salivarius subsp. thermophilus iso-
lated from yoghurt and Swiss-type cheese. Appl. Microbiol. Biotech-
nol. 30, 624–629.
eve, H., Zenz, K. I., Desie`re, F., Koch, A., Heller, K. J., and Bru¨ssow, H.
(1998). Comparison of the lysogeny modules from the temperate
Streptococcus thermophilus bacteriophages TP-J34 and Sfi21: Impli-
cations for the modular theory of phage evolution. Virology 241,
61–72.
revots, F., Relano, P., Mata, M., and Ritzenthaler, P. (1989). Close
relationship of virulent bacteriophages of Streptococcus salivarius
subsp. thermophilus at both the protein and the DNA level. J. Gen.
Microbiol. 135, 3337–3344.
epoila, F., Te´tart, F., Bouet, J.-Y., and Krisch, H. M. (1994). Genomic
polymorphism in the T-even bacteriophages. EMBO J. 13, 4181–4192.
ambrook, J., Fritsch, E. F., and Maniatis, T. E. (1989). Molecular cloning:
A laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.chouler, C., Ehrlich, S. D., and Chopin, M. C. (1994). Sequence and
SS
S
T
T
W
76 TREMBLAY AND MOINEAUorganization of the lactococcal prolate-headed bIL67 phage genome.
Microbiology 140, 3061–3069.
heehan, M. M., Garcia, J. L., Lopez, R., and Garcia, P. (1997). The lytic
enzyme of the pneumococcal phage Dp-1: A chimeric lysin of inter-
generic origin. Mol. Microbiol. 25, 717–725.
tanley, E., Fitzgerald, G. F., Le Marrec, C., Fayard, B., and van Sinderen,
D. (1997). Sequence analysis and characterization of øO1205, a
temperate bacteriophage infecting Streptococcus thermophilus
CNRZ1205. Microbiology 143, 3417–3429.
utherland, M., van Vuuren, H. J., and Howe, M. M. (1994). Cloning,
sequence and in vitro transcription/translation analysis of a 3.2-kbEcoRI-HindIII fragment of Leuconostoc oenos bacteriophage L10.
Gene 148, 125–129.
erzaghi, B. E., and Sandine, W. E. (1975). Improved medium for lactic
streptococci and their bacteriophages. Appl. Microbiol. 29, 807–813.
remblay, D. M., and Moineau, S. (1997). Characterization of three
Streptococcus thermophilus phages from Que´bec cheese plants. J.
Dairy Sci. 80(Suppl. 1), 117.
eerakoon, L. K., and Jayaswal, R. K. (1995). Sequence analysis of the
region upstream of a peptidoglycan hydrolase-encoding gene from
bacteriophage ø11 of Staphylococcus aureus. FEMS Microbiol. Lett.
133, 9–15.
